Abstract-the article deals with the method for the assessment of the fiber-optic communication line reliability taking into account the effect of the optical fiber tension, the temperature influence and the built-in diagnostic equipment errors of the first kind. The reliability is assessed using the theory of Markov chains and probabilistic mathematical modeling. The reliability is assessed in terms of the availability factor. According to the permissible value of the availability factor, it is possible to determine the limiting frequency of FOCL maintenance.
I. INTRODUCTION
The practice of operating fiber-optic communication lines (FOCL) proves that the service life of an optical cable (OC) directly depends on optical fibers (OF) tension amount. The causes of the mechanical stress inside OF can be violations of OC production process; violations of OC laying procedures; daily environmental temperature changes; soil deformation; suspension cables icing; sinking foundations of high-rise buildings, bridges, overpasses and other engineering structures [1] .
Temperature effects on OC can lead to OF tension changes. Since quartz, the OC protective shell, its fastening means, the soil and the communication materials have different coefficients of thermal expansion, significant stresses inside OF can occur due to uneven expansion of the contacting materials due to significant temperature changes.
During FOCL operation there is a necessity to monitor its condition. In terms of the means of communication with the monitor object, the diagnostic and monitoring devices can be built-in, external and mixed. The external devices for diagnostics and monitoring have neither constructive nor contact-electrical connections with the monitor object. Mixed diagnostic and monitoring devices have the object built-in transducers providing information about its condition, and analyzing devices that are structurally isolated from the monitor object. The presence of measuring and control devices errors, a number of factors that cause the failure of the diagnostic equipment, the presence of a human operator result in the necessity of taking into account the real possibility of errors during inspections.
II. THE OBJECTIVE
Let us consider a method for determining the FOCL availability factor depending on the effect of external factors and diagnostic errors. The external factors include the temperature effects and the tension. The suspension of the OC on the telegraph and high-voltage poles of transmission lines revealed the following problem: due to the wind loads or the icing of some sections of the optical cable in winter, the tension of the OF inside the OC is significantly higher. If the OF tension exceeds the critical value (0.2% -0.3%, depending on the duration of the exposure, the OF undergoes irreversible changes resulting in significant reduction of the OF and the OC service life in general.
In addition, the temperature changes in the OF can signal the presence of a problem section along the FOCL route. For example, an increase in the temperature of the FOCL section can be observed in case of the burst heating main in the place of the OC run; and in the winter time, the FOCL section temperature can be decreasing due to the damage on the location of the OC run.
BOTDR -Brillouin optical time-domain reflectometers are used to solve problems of detecting OF sections with increased tension or with a changed temperature. In BOTDR, the distribution of the Brillouin scattering spectrum along the OF is recorded and analyzed. In Fig. 1 there is a 3D reflectogram showing the Brillouin scattering spectrum distribution along the length of the OF guide composed of different OFs: G.652 + G.657 + G.655, when some of its sections are heated (markers 1-2 (G.652), 3-4 (G.657) and 5-6 (G.655)) to +70 °C. The corresponding pattern of the tension distribution along the length of the OF guide is shown in Fig. 2 . The characteristics were obtained using Ando AQ 8603 Brillouin optical pulse reflectometer. The path is considered to be in an availability state only when both its directions are in the availability state. The recommendation G.821 defines the following availability state parameters: the К S availability factor, defined as the ratio of the time during which the path is in the availability state to the total observation time; the К U unavailability factor, defined as the ratio of the time during which the path is unavailable to the total observation time.
When determining the availability factor, the diagnosing errors of the first kind of the built-in diagnostic equipment are taken into account. The method is based on the theory of Markov chains and probabilistic modeling [1, 2] .
III. THE THEORY
The construction of the mathematical model was carried out in several stages.
1. The FOCL states determined and justified.
2. The graph of states and transitions of the system compiled.
3. The transitions of the system from the Si state to the Sj ones, which occur at certain instants of time determined.
4. The true and observed time of finding the system in the considered states determined.
The graph of the probabilities of FOCL transitions is shown in Fig. 3 . The initial state of the system is the working and efficient S 0 state. In a random time the system might face a dangerous failure which, with the F 02 (T) probability, will be detected and the system will enter the S 2 state from which, after the t r recovery time, with probability equal to one, it will enter the S 0 operational state. If the failure is not detected by the built-in diagnostic equipment, the system with the α 1 (Т) [1 F 02 (T)] probability will enter the S 4 false failure state from which, after the t rf false failure elimination time with probability equal to one, it will enter the S 0 operational state. If during the time equal to T maintenance period the system experiences no failures, it will enter the S ES technical maintenance operation with probability equal to (1 α 1 (Т)) [1 F 02 (T)]. During the maintenance operation, the maintenance personnel can cause a failure in the system, and with the probability equal to F ES (t ES ) it will enter the S 2 state of dangerous failure. If no failure occurred in the system during the restoration work, it will return to the S 0 serviceable state with 1 F ES (t ES ) probability and its operation begins on a new cycle.
The matrix of transition probabilities of the given system has the following form:
Further the calculation is carried out similar to the definition of the dependence ) ( 1 T [2] . Below is the row matrix of final probabilities:
The final probabilities of finding the system in Si states are determined by the following formula: 
The solution of the system of equations (3) provides the expressions for the final probabilities
For convenience the expression (4) is represented in the following form:
The expressions for the final probabilities with the account of (4) are as follows.
The true time in the S 0 state is: 
After the transformation of (13): 
After the transformations the expression 0 (Т) is as follows:
The observed time in the S 0 state is: 
Transformation of (21) 
After the transformation, the expression ) ( 0 T takes the following form:
The observed time of the system in the S 2 state of dangerous failure is determined by the components of the recovery time:
. ) (
In the S 4 latent failure state, the observed time is equal to the period of system operation, since the built-in diagnostic system is not capable of detecting failures of this type. . ) (
The availability factor for this system has the following form
IV. EXPERIMENTAL RESULTS
As a result of the simulation, a graph of the dependence of the FOCL availability factor on the operation time was obtained (Fig. 4) . The model takes into account the OF tension parameters and the diagnostic errors of the first kind of builtin diagnostic equipment. Fig. 4 shows the dependence of the FOCL availability factor on the operating time. The model takes into account the external factors such as mechanical and temperature effects on OF and the diagnostic errors. According to the permissible value of the availability factor, it is possible to determine the permissible operating time at which the system will still be in an operable state. The permissible operating time is denoted as the maintenance frequency. For the experimental data obtained with a given permissible value of К AF = 0.999, the recommended maintenance interval is 5,500 hours.
V. CONCLUSION
The OF stretching is a common phenomenon in the operation of fiber-optic communication lines and the most important factor determining their service life. The critical OF stretching is a frequent cause of FOCL failures. The mechanical and temperature effects lead to the OF stretching. The application of BOTDR in the FOCL OF monitoring system allows to increase the efficiency of detection of sections with a modified tension or a changed temperature. Using the mathematical model allows to determine the permissible time between FOCL checks. The model that takes into account mechanical and temperature effects on FOCL, as well as the diagnostic errors, gives more accurate results than the model that does not take into account the listed factors. The resulting reliability assessment, depending on the periodicity of the service, makes it possible to determine the recommended time for conducting maintenance works in order to increase the FOCL operational efficiency. 
